Ra 9.6 × 10 11 . The measurements have been carried out simultaneously at the surfaces of the heating and the cooling plate using a commercial sensor whose diameter is 360 times smaller than the diameter of the RB facility. We find that for all investigated values of Ra and the time-averaged local heat flux at the centres of the heating and cooling plates is significantly higher than the global heat flux obtained in previous measurements. In particular, for the smallest investigated aspect ratio, = 1.13, the scaling exponents of the local heat fluxes as functions of the Rayleigh number are found to be considerably below those of the global heat flux obtained in experiments with cryogenic helium at = 1 by Niemela and Sreenivasan (2003 J. Fluid Mech. 481 355-84). Our measurements indicate that the spatial distribution of the heat flux at the heating and cooling plates is strongly nonuniform and that this nonuniformity decreases with increasing Ra and . Our investigations of the time dependence of the local heat fluxes show that these quantities undergo fluctuations up to ±15% of their time-averaged values. Our work suggests that local heat flux measurements at different positions along heating and cooling plates are useful for a deeper understanding of the scaling properties of the (global) Nusselt number in RB convection.
Introduction
Rayleigh-Bénard (RB) convection [1] is an important model system for the investigation of turbulent buoyancy-driven flows [2] - [4] . In the past two decades, a considerable amount of work has been devoted to accurately measuring the global heat flux, expressed by the Nusselt number N u, as a function of the temperature difference, expressed by the Rayleigh number Ra, and to explaining the measured function N u(Ra) by numerical simulations [5] and phenomenological theories [6, 7] . When comparing laboratory experiments and numerical simulations with the predictions of phenomenological theories, it became apparent that it is not in general possible to describe the relationship between N u and Ra by a simple and all-encompassing scaling law of the form N u = A Ra β . More precisely, it was argued in [6] (see also the review [3] for a comprehensive list of references) that the observed function N u(Ra) is in fact a superposition of scaling laws involving multiple scaling exponents. In order to test such subtle predictions it is not sufficient to compare measurements of N u(Ra) with theory. Rather it is necessary to experimentally investigate to what extent the assumptions of the theory are actually met. The present work is intended to fulfil this task.
The phenomenological scaling theories mentioned above are based on the assumption that the time-averaged local heat fluxes are spatially uniform over the heating and cooling plates. The goal of the present work is to understand how uniform they actually are and how the values of the local heat fluxes depend on Ra and . To accomplish this task we have performed a series of experiments on RB convection in a large-scale facility called 'Barrel of Ilmenau' (BOI). As will be detailed below, we have equipped the facility with two commercial heat flux sensors. The large size of the facility, having a diameter of approximately 7 m, allows local heat flux measurements with a higher spatial resolution than in typical laboratory experiments characterized by diameters of the order of 1 m or even smaller. The experiments reported here have been performed in order to extend previous experimental work on heat flux measurements [11, 23] in several respects. After the early direct measurements of temperature profiles in RB convection [24] that were characterized by low accuracy, Lui and Xia [11] were the first to measure mean temperature profiles in turbulent RB convection with a sufficiently high accuracy so that the data could be used to compute the spatial derivative of the temperature in order to extrapolate the heat flux at the heating plate. In the present work, we shall go one step further by measuring the heat flux directly using a commercial sensor. Whereas the authors of [11] performed their measurements at the heating plate only, we have equipped both the heating and cooling plates with heat flux sensors. This improvement allows us a comparative study of the hot and cold thermal boundary layers including non-Boussinesq effects. Finally, the present measurements differ from [11] in that they extend the Rayleigh number range by almost two orders of magnitude and that they cover a broad range of aspect ratios 1 9, whereas the authors of [11] confine their attention to = 1.
The remainder of the present paper is organized as follows. In the following section, we will describe the experimental setup. Section 3 is devoted to the discussion of measured local heat flux data, both time-averaged and time-dependent. In section 4, we summarize our conclusions and indicate directions for future research.
Experimental setup
The local heat flux measurements were accomplished in a large-scale RB experiment, the BOI. This facility consists of an adiabatic cylinder with a diameter of D = 7.15 m and a variable height of 0.05 m H 6.30 m, in which air with Prandtl number Pr = 0.7 is heated from below and cooled from above. The BOI permits one to study turbulent thermal convection up to Rayleigh numbers of Ra = 10 12 . Because of its large size the BOI permits temperature and velocity measurements particularly inside the boundary layer with very high spatial and temporal resolution. A detailed description of the experimental facility and the measurement technique can be found in [8] . In contrast to our early work described in [8] , the electrical heating plate used here has been covered by an aluminium overlay in which water circulates. The water circulation inside this overlay balances temperature differences from the electrical heating plate and differences in the convective heat flux at the plate-air interface. At the highest possible Rayleigh number of Ra = 10 12 , corresponding to a temperature drop T = 60 K between the two horizontal plates, the difference between the hottest and the coldest point at the heating plate is less than 1 K as compared to 10 K in our previous experiments. For lower Ra this difference is significantly smaller.
As an extension of our previous work, we have now upgraded the BOI by commercial heat flux sensors (FQA 020 C, Phymeas GBR) mounted at the surface of the heating and cooling plates. The sensors, with a total diameter of 35 mm (20 and a maximum operating temperature range up to 80 • C. According to the data sheet, its heat conductivity amounts to λ s = 0.2-0.3 W (mK) −1 , corresponding to a maximum temperature drop of T s,max = q D s /λ = 0.75 K, which is 1/80 of the maximum temperature difference between the plates of T = 60 K. The accuracy of the calibration value amounts to 5% at 25
• C. Because of the small signal it was pre-amplified by a factor of 1000 and filtered by a 3 Hz low pass very close to the sensor. After that, the signals of both heat flux sensors were processed by an 18-bit data acquisition board from National Instruments simultaneously with local temperature measurements inside the convective boundary layers.
In order to reduce the amount of data, we pre-analysed them regarding their spectral components. In figure 1(a) , the power spectrum of the heat flux data from the surface of the heating plate at Ra = 4.3 × 10 11 and = 1.13 is plotted. The cut-off frequency, being the frequency at which the signal vanishes in the noise, amounts to f c = 4 Hz. For the further data processing procedure, we decided to re-sample the raw data from 200 to 10 Hz data rate using a moving average method over 20 data points. In figure 1(b) , the original time series with 200 Hz sampling frequency (full line) and the re-sampled signal (red dots) are compared. The graph demonstrates that the data rate of 10 Hz is fully sufficient to resolve all temporal fluctuations of the heat flux excluding spurious high-frequency spikes. For the calculation of the mean values, the histograms and the probability density distribution (PDF), every data point has been obtained from a 53 h measurement, which equals between 4000 and 10 000 eddy turnover times depending on Rayleigh number and aspect ratio. The heat flux measurements were first performed at variable aspect ratio 1. 13 9.00 with piecewise constant Rayleigh numbers of Ra = 5.2 × 10 10 , Ra = 4.0 × 10 9 and Ra = 1.3 × 10 9 . A second series of heat flux data was obtained at constant aspect ratio = 1.13 and Rayleigh numbers in the range 5.2 × 10 10 Ra 9.6 × 10 11 . In order to check the consistency of the direct heat flux measurements, we additionally derive this quantity from simultaneously conducted measurements of the wall normal profile of the mean temperature T (z). From T (z) the heat flux at the wall is obtained according to
Although the latter way is not as accurate as the direct measurement, we found good agreement between the results verifying the correctness of our data.
Results

Time-averaged local heat flux
We start our discussion with the time-averaged local heat fluxes q w,h t and q w,c t at the centres of the heating and cooling plates and analyse how they depend on the geometry of the RB cell. For this purpose, we varied the height H of the cell and the aspect ratio, respectively. We compensated the accompanying change in the Rayleigh number by an additional variation of the temperature difference T between the plates. Since this is feasible in our experiment only in a limited domain of , the full parameter domain is split into the following three ranges: In figure 2, we plot the local heat fluxes in dimensionless form as N u l,h and N u l,c defined as
In these definitions, λ b is the heat conductivity of air at the measured bulk temperature T b . T h and T c are the plate temperatures and the index 'l' stands for local; 'h' and 'c' are for the heating and cooling plates, respectively. The graph shows that the local heat fluxes at the heating and cooling plates are always higher than the global heat fluxes
deduced from Nusselt number measurements of Niemela and Sreenivasan [9, 10] in a cryogenic helium experiment at aspect ratios = 1 and 4 and Prandtl number Pr = 0.7. Even at the highest investigated aspect ratio, the spatial distribution of the heat flux must be strongly nonuniform. Both local quantities clearly scale with the aspect ratio. Expressed in terms of a scaling law of the form N u l = A β , we have found the following pre-factors and exponents for It has to be noticed here that the data do not clearly follow a power law and, therefore, the error bars of the fits are relatively large. In order to preclude simple measurement errors, we compared all data from the local heat flux sensor with the independently measured profiles of the mean temperature (see section 2) and we found them to be in good agreement. On the other hand, it is a fact that the global flow structure significantly varies with the aspect ratio as well as with the Rayleigh number. Since we have measured the heat flux only at a single position of the surface of each of the plates, those variations may be reflected in the measured local heat fluxes leading to the deviation from the clear power-law scaling.
In a second series of experiments, we kept the aspect ratio at its lowest possible value = 1.13 and we changed the Rayleigh number from Ra = 5.2 × 10 10 to Ra = 9.6 × 10 11 . In figure 3 , we plot the local heat fluxes at both horizontal plates. As found in the first series of experiments, they are significantly higher than the global values taken again from Niemela and Sreenivasan's measurements [9] . For the lowest Rayleigh number Ra = 5.2 × 10 10 the ratio 1. The results are in agreement with previous measurements in a water experiment (5.6 × 10 9 < Ra < 1.5 × 10 10 , Pr = 7) by Lui and Xia [11] . They found that along the path of the large-scale circulation (LSC) the thickness of the thermal boundary layer varies between 40% (Ra = 5.6 × 10 9 ) and 20% (Ra < 1.5 × 10 10 ) at different positions of the heating plate. The present results indicate that this property persists at much higher Ra and different Pr . Note at this point that B g and γ g have been computed from the data given in [9] exclusively for the parameter domain 5.0 × 10 10 < Ra < 1.0 × 10 12 . In order to explain that difference between the local and the global scaling, we attempted to sketch a physical hypothesis in figure 4 . For lower Rayleigh numbers-but still high enough to be in the strongly turbulent regime-the LSC forms a nearly circular roll (as reported from PIV measurements in a rectangular RB experiment with water [12] ). The boundary layer is thin at the centre of the plates and becomes thicker towards their edges as well as outside the LSC. Accordingly, the local heat flux q(x, y) is large at the plate centres and becomes weaker at the edge. With increasing Rayleigh number the shape of the LSC changes to a more rectangular form and the thickness of the boundary layer and the distribution of the local heat flux become more homogeneous [12] . Since the global heat flux is the average over the local fluxes, a global scaling exponent γ g in the relation N u = B Ra γ represents both the scaling with respect to Ra and the homogenization of q(x, y). Taking the latter fact into account, it is not astonishing that all scaling exponents in the high-Ra domain at 8 aspect ratios of the order of unity and less deviate from 1/3 predicted for the infinite horizontal plates [13] .
Another remarkable detail in the data is the asymmetry of the local heat fluxes at the plate centres (see also figures 2 and 3). Despite the fact that the setup of the RB cell is completely symmetric and both measurement positions are located in a symmetric position at the centres of the plates, we found a large asymmetry in the heat flux even over a very long averaging period of thousands of eddy turnover times. Of course, we are aware that our experiment is not fully perfect and the time scales of the LSC might be much longer than our measurements. However, the deviation is sometimes as high as 30% and significantly above what we could expect from those imperfections. Even at small temperature differences, like e.g. at Ra = 1.6 × 10 11 , = 1.13 and T = 7.4 K, the local heat fluxes at the heating and cooling plates differ by about 15% ( q w,h t = 27.7 W m −2 and q w,c t = 32.5 W m −2 ). Thus, it is unlikely that non-Boussinesq effects are the reason for the difference. Without a more detailed knowledge of the distribution of the local heat flux over the full area of the plates, the effect is hard to explain. But we can safely preclude simple measurement errors (see section 2). Similarities to this asymmetric behaviour of the flow have also been found in other turbulent but symmetrically driven flows, like e.g. the von Karman flow. From that type of flow we know that it also forms asymmetric flow structures metastable over a long time [14] . It is possible that the LSC in highly turbulent RB convection exhibits similar behaviour, particularly at aspect ratios between = 1.5 and 6. At even higher aspect ratios that are supposed to be accompanied by the decay of the LSC into smaller eddies, the local heat fluxes in the cell centres become symmetric again.
Plume dynamics
After having discussed the time-averaged quantities of local and global heat fluxes, let us turn to the time-resolved ones. A basic idea in turbulent convection is the assumption that due to instabilities of the convective boundary layer, plumes evolve at the heating and cooling plates. While in fluids with Pr 4 (like water or glycerol), their formation, their typical size or the statistics of their occurrence have been frequently studied in the past [15] - [18] , we know only a little about them in gases with Pr ≈ 1. Our time-resolved measurements of the local heat fluxes at the surface of the plates contribute to increase the knowledge about them.
One typical example of a time series q w (t) for = 1.13 and Ra = 4.3 × 10 11 is shown in figure 5 . Before we start to analyse the time series, let us estimate the minimum size of plumes that are detectable within it. Assuming the cut-off frequency of the sensor to be f c = 4 Hz (see section 2) and the typical mean velocity of the LSC to be v = 0.34 m s −1 [19] , plumes of a minimum size of w min = v/ f c = 0.0875 m should be visible even though with a reduced amplitude. Analysing the full time series of the local heat flux at the centre of the cooling plate (see the inset of figure 5) we found fluctuations up to ±15% around the mean. In the main figure, a period of 200 s is shown to give an idea of the typical time scales of the largest fluctuations as well. In the time window, they occurred at t = 1830 s and at t = 1970 s and they exhibit a typical duration of t ≈ 8 s. Along with the mean velocity v = 0.34 m s −1 the typical dimension of the flow structure causing this burst must be of the order of w = v t ≈ 2.72 m, which is about one half of the lateral extent of the LSC. However, there is no preference of large positive bursts corresponding to eruptions of hot or cold air from the boundary layer. The question that we wish to address particularly for the well-known case of ≈ 1 is whether the vertically acting buoyancy force is strong enough to overcome the inertial force of the LSC that acts horizontally In this definition β is the thermal expansion coefficient, g is the gravitational acceleration, δ is the displacement thickness of the thermal boundary layer, is the temperature drop across it and U ∞ is the maximum velocity of the LSC at the edge of the boundary layer deduced from our previous velocity measurements [21] . For the typical case of = 1.13 and Ra = 4.27 × 10 11 the local Archimedes number at the cooling plate amounts to Ar = 0.020 (with δ = 7.86 × 10 −3 m, = 9 K and U ∞ = 0.339 m s −1 ). It is significantly less than one, indicating that the inertial force of the LSC clearly dominates the local buoyancy force caused by the temperature drop across the thermal boundary layer and the emission of plumes is unlikely. The fluctuations of the local wall heat flux can be interpreted as a temporal variation of the boundary layer thickness as recently observed at flow field measurements in a water-filled RB cell [20] . Due to the typical size of the flow events and the Gaussian PDFs of the fluctuations of the local heat flux, the variation of the boundary layer thickness must be created by larger substructures of the LSC and not by thermal plumes, at least in gases with Pr ≈ 1. In order to check whether this argument holds for different Rayleigh numbers, we calculated the local Archimedes number also for the lower and the upper bounds of available velocity data at = 1.13 and found Ar (Ra = 1.6 × 10 11 ) = 0.032 and Ar (Ra = 9.6 × 10 11 ) = 0.018, respectively. Another question related to the previous one is: How normalized by their mean q w,h and q w,c for three different aspect ratios = 1.13, 4.00 and 7.00. For the lowest aspect ratio, the PDFs are close to a Gaussian distribution. With increasing they become skewed with a maximum deviation from Gaussianity at = 4.00. The tails towards lower heat fluxes are steeper and towards higher fluxes they are longer compared with the Gaussian PFD. The higher probability of positive bursts is a clear indication that the emission of plumes becomes a relevant feature of the flow for larger aspect ratios in which the LSC is less distinctive. Increasing the aspect ratio again, the shapes of the PDFs return to the Gaussian distribution. In order to study the dependence of that process on Ra and in a more quantitative way, we have calculated the skewness and kurtosis of all measured time series. Because of technical reasons, instantaneous heat fluxes could be measured for = 1.13 only at a few Rayleigh numbers between Ra = 5.20 × 10 10 and Ra = 4.27 × 10 11 . The complete set of results for fixed and variable aspect ratios is plotted in figures 7(a)-(d) . For fixed the skewness of the local heat fluxes at the heating and the cooling plates slightly decreases with increasing Rayleigh number (see figure 7(a) ). It supports the hypothesis that plumes can evolve easier at a weaker LSC and positive eruptions of the local heat flux become more probable. The kurtosis, being a measure of peakedness and flatness of the distribution, remains virtually unchanged at kurt(q) ≈ 3.5 when changing the Rayleigh number (see figure 7(c) ). Increasing the aspect ratio and keeping the Rayleigh number constant, skewness and kurtosis remain virtually at the values of a Gaussian process (skew(q w ) = 0 and kurt(q w ) = 3) up to = 1.5. Our recently published measurements of temperature and velocity at variable aspect ratio [21] may help us to explain this observation. From those measurements, we know that the mean velocity of the LSC increases up to = 1.5. This fact is interesting since due to the reduced height of the cell the Rayleigh number simultaneously decreases. We interpret this observation in a way that the single-roll structure of the LSC well approved for aspect ratios of the order of unity is conserved up to ≈ 1.5 (see also [22] ). For higher aspect ratios the single-roll structure breaks down to smaller flow structures; about them we know relatively little. This would also explain the growth of the skewness and the kurtosis for aspect ratios between 1.5 < < 4. Why both quantities decrease again for even higher aspect ratios we do not want to speculate here. In order to fully explain this observation, a detailed knowledge of the variation of the global flow field at aspect ratios > 1 is required. Information about this is not available either from experiments or from numerical simulations at the moment.
Conclusion
Instantaneous measurements of the local wall heat flux in a large-scale RB experiment have been performed at very high Rayleigh numbers. The measurements have been conducted simultaneously at the central positions of the heating and the cooling plates using a special heat flux sensor. In a first series of experiments, we changed the aspect ratio from = 1.13 to 9.00 and we kept the Rayleigh number, at least piecewise, constant. In a second series, we varied the Rayleigh number in a range of 5.20 × 10 10 < Ra < 9.59 × 10 11 but we kept the aspect ratio constant at = 1.13.
For all series of measurements we found that the local wall heat flux at the cell centre significantly exceeds the global one averaged over the full surface of the horizontal plates. This is in good agreement with previous work of Lui and Xia [11] , who reported a 60% change of the thermal boundary layer thickness along the LSC in a water-filled RB cell of aspect ratio unity. We found clear differences in the N u(Ra) scaling as well as in the N u( ) scaling between the local and global quantities. Those differences can be explained by a physical model in which, at low Rayleigh numbers, the thickness of the thermal boundary layer is small at the centre of the plates and increases towards their edges or outside the LSC. With increasing Ra it becomes more homogeneous. This mechanism may change the global scaling exponent β in the function N u = A Ra β , particularly at low aspect ratios where the influence of the sidewalls on the flow is strong. For aspect ratios 1.13 < < 6.00, we have observed a vertical asymmetry of the local heat fluxes at the heating and the cooling plates. The time-averaged quantities strongly differ even over very long periods of thousands of eddy turnovers. For larger aspect ratios 7.00 < < 9.00 the asymmetry vanishes. We interpret the symmetry breaking as the appearance of metastable flow modes with a typical lifetime longer than our measurement time.
Particularly for aspect ratios of the order of unity, the emission of plumes at the plate centres is damped by the LSC in the high Ra number regime investigated here. It is suppressed to a simple fluctuation of the boundary layer thickness, which is virtually of Gaussian character in gases with Pr ≈ 1. Showing how this hypothesis holds for different locations at the plates remains the task of future work. For higher aspect ratios the LSC breaks down into smaller structures with lower flow velocity, making the evolution of thermal plumes more likely. However, a full understanding of this process requires a better knowledge of the global flow structure in rather flat geometries, which is not available at the moment. In this sense it would be interesting to investigate in future work the following:
• the distribution of the local heat flux over the surface of the horizontal plates for small and large aspect ratios,
• the scaling N u g = f (Ra, ) for aspect ratios > 1.
